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INTRODUCTION
Stress fractures result from repetitive loading and have been regarded as a mechanical fatigue-driven

process. However, histopathological data and experimental data from our laboratory suggests that increased
remodeling precedes the occurrence of bone microdamage and stress fractures, suggesting a central role for
increased intracortical remodeling in the pathogenesis of stress fractures. Thus, we propose that stress
fracture occurs through a positive feedback mechanism, in which increased mechanical usage stimulates focal
bone turnover, resulting in a local increase in porosity. Microdamage accumulation and stress fractures result
from continued cyclic loading of this transiently osteoporotic bone. These experiments test the hypothesis that
pharmacologically inhibiting the bone remodeling response will attenuate severity of the stress fracture
response in an animal model (the rabbit tibial stress fracture model). To test the hypothesis that reactive
remodeling within the cortex drives the development of stress fractures, the effect of remodeling suppression
using a bisphosphonate on the accumulation of bone microdamage and diminishing the severity of stress
fracture was examined. Tissues were assessed using bone scintigraphy, histomorphometry and biomechanical
studies.  The Hypotheses and Specific Aims were as follows:

Hypothesis 1: Pharmacological prevention of increased intracortical resorption will attenuate the development
of stress fracture resulting from continued mechanical loading.

Aim 1: To determine at the whole bone level whether bisphosphonate inhibition of intracortical remodeling

attenuates the bone scintigraphy changes (i.e. increases in focal 99mTechnetium uptake) that characterize
the development of stress fracture.

Hypothesis 2: With repetitive mechanical loading, pharmacological inhibition of bone resorption results in
decreased microdamage accumulation in compact bone. A secondary hypothesis is that inhibition of activation
of intracortical resorption will maintain mechanical integrity of bone

Aim 2: To determine at the tissue level whether bisphosphonate inhibition of intracortical remodeling
decreases the accumulation of cortical bone microdamage that occurs at stress fracture sites.

Hypothesis 3: Pharmacological prevention of increased intracortical resorption in response to repetitive
loading will maintain mechanical integrity of long bones.

Aim 3: To use biomechanical testing of experimentally loaded rabbit tibiae to determine directly how
increases in intracortical remodeling (porosity), and pharmacological prevention of that increase in
remodeling, influence the structural-mechanical properties of long bones.

In this grant period, we tested these hypotheses in the rabbit tibial stress fracture model, which was
developed in our laboratory. Tibiae in this loading model develop a stress fracture lesion after several weeks of
daily loading. Increased 99mTc uptake, increased internal remodeling of bone, increased bone microdamage,
all of which are associated with stress fractures in humans, are all present in this model.

Our objectives in these experiments were to use the rabbit tibial stress fracture model:
• To determine at the whole bone level whether bisphosphonate inhibition of intracortical remodeling

attenuates the increase in focal bone reaction at the periosteal surface.
• To determine at the tissue level whether bisphosphonate inhibition of intracortical remodeling

decreases the accumulation of cortical bone microdamage which occurs at the site of stress fracture,
and

• To determine how stress fracture compromises mechanical properties of long bones and whether
pharmacological inhibition of remodeling can offset that functional deficit.
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RESEARCH SUMMARY

Rabbit Stress Fracture Studies

Description of the model: We developed an experimental animal model for stress fractures in rabbits, using
repetitive impulsive loading (RIL) of hindlimbs.  Microfractures of trabecular bone are a well-established
consequence of the RIL model.  Adapted for use in diaphyseal bone, this model reproduces the scintigraphic

and radiographic changes typically observed with stress fractures, including progressive increase in 99mTc
uptake in bone, periosteal callus formation and presence of microscopic cracks within the bone. In this model,
hindlimbs of skeletally mature
New Zealand white rabbits (1
year old, 4-5 kg) were loaded to
produce tibial diaphyseal stress
fractures. Briefly, right hindlimbs
were subjected to repetitive
impulsive loading, using a cam-
driven loading device. Loading
is at 1.5X body weight, for 50
msec cycle duration at 1Hz.
During loading, the leg and
calcaneus are held in a fitted,
padded splint to prevent
translation at the ankle joint.
Left limbs are not loaded and
serve as internal controls.  Animals receive 2700 load cycles daily. This regime causes a stress fracture
response in the distal tibial diaphysis after 5-6 weeks of loading. In the preliminary experiments, it was shown
that stress fractures in this model rabbits result by repetitive cyclic loading at low stresses. The lesions, which
occurred in the distal third of tibial diaphyses, were characterized at the organ level by progressive increases in

bone 99mTc activity, followed later and variably a periosteal reaction (Fig 1). In subsequent studies, we
measured tibial diaphyseal strains at the stress fracture site in the range of 1000 µstrain, which is well within
normal physiological strain range (see above discussion); strain rates, though increased somewhat over
normal, were also within the range reported for normal locomotory activities.

Experiment 1: Characterization of Remodeling and microdamage
Results: We found that intracortical remodeling was markedly increased by 6 weeks of loading, with resorption
number increased more than 5-fold over control levels (p=0.012, ANOVA followed by post-hoc testing using
Fisher’s PLSD).  Data for intracortical resorption activity are summarized in Fig. 2.  Resorption occurred
primarily in the anterior and posterior tibial cortices, corresponding to the locations of stress fracture and
highest strain rate in this model. Bone microdamage was not observed in control bones or after 3 weeks of
loading.  By 6 weeks of loading, microcracks were observed in diaphyses (Fig. 3).  Typically, these were small
cracks (mean length = 24 ± 7 µm). In addition, microcracks were observed only in those areas of the cortex
that were undergoing intracortical remodeling.

1 week RIL 6 weeks
RIL

Fig 1: 99mTechetium bone scans from rabbit tibiae subjected to
repetitive loading.  Arrow shows focal increase in 99mTc uptake
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Figure 2: Intracortical resorption activity in distal tibial
diaphyses after 3 and 6 week of repetitive loading.

Figure 3: Confocal photo-micrograph of rabbit tibial
compact bone at 6 wks of loading, showing
intracortical resorption (Rs) and new osteons (Os) in
association with bone microdamage (Mdx arrows)
(Field width = 400 µm)

Acute in vivo "fatigue" experiments were performed to determine whether microdamage in rabbit tibias
accumulates as a direct result of the applied loading regime, in the absence of increased intracortical
remodeling.  Hindlimbs in anesthetized rabbits were loaded acutely and continuously for the equivalent number
of load cycles that limbs would receive after 6 weeks of chronic loading (70,00 load cycles = ~20hrs continuous
loading).  Animals in these latter experiments were euthanized immediately after completion of the loading so
that no new intracortical remodeling was present. These acute loading experiments showed no microdamage
with loading alone (Fig 4), confirming that microdamage accumulation occurred only in the presence of
increased bone remodeling.

0

5

10

Acute  6 wk Load 6 wk CTL Acute CTL

Rabbit Stress Fracture: Microcrack Number in 
Acute vs 6 wks Chronic Loading (=70 K cycles)

Nonloaded-ctl
Loaded-exp

p<.01

Figure 4: Microcrack content in rabbit distal tibial diaphyses after 6 weeks of daily (chronic)
loading and after 70,000 cycles of acute loading
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Experiment 2: Effect of Resorption Suppression
Treatment using a bisphosphonate (BIS, Risedronate, Proctor & Gamble Pharmaceutical) was used to

test whether remodeling suppression attenuated the severity of stress fracture in this model.  Animals were
treated using the weight adjusted (0.1 mg/kg given SQ, 5 days/wk) dose used to prevent bone loss
postmenopausally. Control animals received saline vehicle by subcutaneous injection.

99mTechnetium based bone scans were performed to follow the “clinical” evolution of the stress fracture
response. Over the 6 weeks loading experiment, sequential bone scans we performed such that each animal
was scanned at baseline (before loading), and then after 3 and 6 weeks of loading (n=92 animals), to allow us
to assess the progress of the lesions. The following procedure was used for 99mTechnetium injection, scanning,
and quantification to control for variability between animals and among groups. Animals were each injected
with 3 mCurie of 99mTc with the isotope was administered IV in the ear vein.  Scans were conducted 3 hours
later to image the bone phase of 99mTc using a General Electric STARCAM System with a pinhole collimator
and the data archived on optical disk for later analysis.  Prior to scanning, rabbits were sedated and the lower
extremities placed into one of two positioning devices. The lower limbs were positioned in a holder to allow
consistent positioning for A-P and M-L scans. A standardized area  (8mm x 8 mm) was used to determine a
region of interest at the stress fracture site for the anterior view.  This region of interest was of the same
dimensions for all animals and provides an average count per pixel of isotope incorporation within the standard
area.  The same standardized area was also used to determine a background level of isotope incorporation.
An average count of isotope incorporation per pixel was obtained within the background area. The average
counts per pixel in the stress fracture region of interest were normalized by dividing by the average counts per
pixel in the background region (Average Counts per Pixel Stress Fracture Region of Interest/Average Counts
per Pixel Background Region). Mean value for each time period was compared between the bisphosphonate-
injected and saline-injected groups using t-test. Differences among groups over time were assessed using
one-way ANOVA.

Results: Tibiae in animals receiving antiresorptive treatment using bisphosphonate (BIS) showed reduced
intensity of the stress fracture response, as indicated by 99mTechnetium bone scan.  At 3 weeks, 99mTc uptake
was approximately 10 percent lower in treated animals; this difference was not significant (p >0.4). After 6
weeks of loading, 99mTc uptake was significantly lower (approximately 50 percent, p<.05) in bisphosphonate-
treated animals than in non-treated animals. Nevertheless, 99mTc uptake at 6 week was still significantly
(p<.001) higher than in non-loaded, bisphosphonate-treated animals.  These data are summarized below in
Figure 5.

Rabbit Stress Fracture:
99mTechnetium Uptake in Tibial Diaphyses

0

3

6

9

1 2

1 5

0 3 6
Weeks of loading

No Load+Vehicle
No Load+BIS
Load+Vehicle
Load+BIS
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Experiment 3: Bone and Tissue studies:
Tibiae were removed at the time of sacrifice and fixed in 70% ethanol.  CT scans of each bone diaphysis were
performed to provide a 3-Dimensional “clinical” picture of the stress fracture response. Bones were then
embedded in methacrylate resin and sectioned for histomorphometric studies.

Periosteal reactive bone volume – Our early 2-D histological and anatomical studies in this program revealed
considerable heterogeneity in the shape of reactive periosteal woven bone (i.e.,  “fracture” callus) and
distribution along the length of the diaphysis, as well as between bones, making measurement from tissue
sections problematic.  In order to better account for this heterogeneity, we developed a new CT-based
approach to measure the 3-D reactive periosteal bone volume for the entire diaphysis.

Method: Prior to histological studies, bones were scanned through the diaphyseal length using a GE clinical
CT scanner operated at 0.5 mm voxel resolution.  Thresholded diaphyseal cross-sectional images were
examined. Reactive (woven) bone on the periosteal surfaces of loaded bones was readily distinguished from
the pre-existing cortex. Custom software was developed in MATLAB to allow measurement of reactive bone
area and normal bone area from each section.  This process was repeated at every millimeter at each level for
which woven bone could be observed and summation of the reactive bone area over its longitudinal extent
were used to determined volumes.

Fig 6: CT scan taken through the entire reactive
region of the tibial diaphysis of an experimentally-
loaded rabbit showing periosteal reactive bone
after 6 weeks of chronic loading.  (Voxel size –
0.5mm x 0.5mm x 0.5 mm).

Fig 7: Thresholded (left) and segmented images (right) used to separate cortical bone, reactive
mineralized tissue and soft tissue

Results: The volume of reactive bone tissue was significantly (p<0.05) correlated to the overall cortical bone
porosity, i.e., those bones with the greatest amount of void space due to intracortical resorption showed the
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greatest amount of periosteal reaction (Fig 8).  Whether this reflects the fact that more porous bone
experiences locally greater strains and hence shows a greater stress fracture response as we hypothesized or
perhaps reflects a greater overall reactivity in certain animals could not be determined in this study.

Fig 8

Reactive Bone Volume vs Porosity
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When analyzed on a treatment group basis, BIS
treatment resulted in approximately 40 percent less periosteal
reactive bone formation after 6 weeks of chronic loading
compared to vehicle treated animals (Fig 9, at right). However,
these results were not statistically significant (p = 0.09) due to
the very high variability among animals (coefficients of variation
>100 percent).  Thus, while these trends are consistent with the
hypothesis that suppressing resorption will reduce the severity
of the periosteal stress reaction in chronic loading, the results
are not definitive

Resorption: After 6 weeks of daily loading, vehicle treated animals showed a nearly 5-fold increase in
intracortical resorption (Figure 10A/B).  Bisphosphonate (BIS) treatment suppressed this activation of new
intracortical remodeling to control levels, but those resorption spaces present in BIS-treated, loaded animals
were significantly larger than those in normal bone.
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Fig 10 A/B
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Microdamage: Overall, the amount of microdamage in loaded animals was small (typically less than 0.5
microcracks/cm2) and highly variable (Coefficient of variation > 100 percent). BIS-treated tibiae showed
approximately 50 percent fewer microcracks after 6 weeks of loading than did vehicle treated animals (Figure
11).  However, these results were not statistically significant (p = 0.11) due to the very high variability among
animal.   

Fig 11
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Summary of experiments using rabbit stress fracture model: While these data are generally consistent
with the hypothesis that suppressing resorption will prevent microdamage accumulation, as summarized in
Figure 12 below.  However, the high degree of variability in this animal model prevents a definitive answer to
the question of whether remodeling inhibition suppresses the accumulation of microdamage with loading.

Mechanical Loading

Other
Local
Injury

Other
factors

Summary: Pathophysiology of Stress Fracture

 WovenWoven

BoneBone

Continued
loading

↑ ↑↑ ↑   Microdamage

Fatigue/Microdamage

↑ Remodeling

↑ Porosity “focal
transient osteopenia”

↑ Local Strain
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Discussion:
The trends in our data strongly suggest that increased intracortical porosity is associated with increased

periosteal stress reaction in chronic loading, and that remodeling suppression can attenuate both the severity
of the periosteal stress fracture response (99mTechnetium uptake and periosteal reaction) and the accumulation
of microdamage in loaded bone. Based on the clinical criterion of 99mTechnetium bone scans, bisphosphonate
treatment was able to attenuate the development and progression of stress fracture in the rabbit stress fracture
model.  However, because of the higher than expected variability in the rabbit model, and a hitherto
unappreciated soft tissue injury in some of the experimental animals, it was not possible to establish statistical
significance for the histological parameters in this model.

Further analyses revealed a curious, but interesting problem in our loading system, which 1) potentially
explains the confounding effects of the high variability in this model, and also 2) potentially provide important
insights into the pathogenesis of the bone stress reaction in these animals:

1) First, we found that some animals developed a extremely florid woven bone reactions during the
chronic loading, and these animals occur in both bisphosphonate and vehicle treated groups. Interestingly,
these animals with the greatest periosteal response appeared to have initially smaller tibial diameters than
those that showed less extensive periosteal reactions. This is noteworthy as having a small diaphyseal cross-
sectional diameter for body size is well established risk factor for stress fracture in military recruits.

2) Second, we found that the amount of periosteal reactive tissue in these smaller bones appears to have
been large enough in size so as to interfere with the daily loading.  Specifically, after several weeks of loading,
these initially smaller tibiae enlarged enough in diameter so as to be compressed by the boot-like splint used to
hold the limb during loading, thus superimposing a soft tissue injury onto the bone reaction.

Relevant Clinical Studies: Two recent clinical studies have examined the effects of bisphosphosphonate
treatment in stress fractures and have yielded completely contradictory results.  Milgrom et al (2003) reported
that anti-resorptive treatment using risedronate administered to Israeli army soldiers during an intensive
training regime did not prevent or alter the frequency and severity of stress fractures based on 99mTechnetium
bone scans.  However, the reliability of this study is difficult to assess as it was found that there was significant
noncompliance among subjects during the studies, due to concerns about adverse gastrointestinal side effects
of the oral bisphosphonate. A more recent study by Stewart et al (2005) examined the effect bisphosphonate
treatment on existing stress fracture in competitive athletes. Pamidronate treatment significantly reduced the
severity of stress fractures, with 85% of treated athletes returned to full training within 1 week of treatment,
leading these authors to conclude that antiresorptive treatment may play a significant role in stress fracture
treatment

Summary:
• Current studies support the hypothesis that increased intracortical porosity is associated with increased

periosteal stress reaction in chronic loading.

• Bisphosphonate suppression of bone remodeling was correlated with markedly reduced the amount of
woven bone formation (callus) at the periosteal surface in loaded bones. As low BIS treatment like that used
here has not been reported to directly suppress bone formation, our results argue that the reduced
intracortical porosity within the long bones of treated animals prevented locally elevated bone strain, which
in turn prevented the formation of woven bone. However, because of the higher than expected variability in
the rabbit model, and a hitherto unappreciated soft tissue injury in some of the experimental animals,
statistical significance in this model was marginal.
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• These data argue for the need to develop a new animal model to resolve these concerns (see next section),
and allow a more definitive test of the question of whether increased intracortical remodeling is a risk factors
for adverse reaction of bone to stress.

Development of a New Model for Stress Fracture
To address concerns about high variability, soft tissue involvement in the rabbit model, we have

developed a new model using the adult rat skeleton.  This model reproduces the features of stress fracture in
humans and in horses. In addition, the bone biology of the rat can be readily manipulated to assess the effect
of biologically driven remodeling changes (and osteopenias) as well as gender and age issues in the
development and reaction to stress fracture.  This model is based on end-loading of the ulna in vivo, which
produces a bending moment in the ulnar diaphysis.  This model represents a new approach to simulating a
naturally occurring fatigue fracture in vivo. This model achieves fracture through the development and
coalescence of microdamage during controlled, fatigue loading. The loading magnitude per se is
hyperphysiological, but it is comparable to that measured in human and horses during very vigorous activities.
The loading conditions differ from those occurring during physiological loading, i.e. the load is applied via the
flexed carpus and olecranon process. Nonetheless, the distribution of stress and strain along the longitudinal
axis of the ulna approximates that occurring physiologically due to the bending moments incurred through axial
compression of a curved bone. Furthermore, the fracture configuration is similar to that occurring
spontaneously due to fatigue, e.g., as seen in the third metacarpus of racehorses or in the central metatarsal
bone of race dogs. Finally, despite being an exogenous loading model, soft tissue surrounding the area of
interest is protected from artifactual trauma and damage to the blood supply is minimized.

Ulnae in adult Sprague-Dawley rats were loaded in axial compression using a hydraulically powered
Instron Test Machine (Dynamite Instron, Canton, MA), by applying load to the olecranon and the flexed carpus.
The mechanical loading device used allows for precise load control to measure the induced displacement on
the limb and to automatically stop the test when change in deformation during fatigue reaches a targeted
value. Thus, under load control, right ulnae were cyclically loaded to fatigue failure based on increase of bone
deformation, which reflects the degree of damage accumulated in the structure). Before the experimental
series, strain gauge measurements were carried out to assess the strain occurring on the ulnar surface. A
single strain gauge was mounted on the middiaphyseal surface of the medial ulna in previously euthanized
rats. The middiaphyseal surface is the site of maximal deformation occurring due to the natural curvature of the
bone. This has been confirmed through strain gauge measurements and finite element modeling. Strains of
3500–4000 microstrain resulted from application of 17–18 N consistent with results of a previous study. These
strains are consistent with the high strains recorded during vigorous activities in human and racehorses in vivo.
Development of damage during fatigue loading. which is reflected as a changes in bone stiffness and whole
bone compliance (displacement under loading). The testing machine measures the displacement during the
entire loading history and stops the loading when the reference displacement has increased by 35%.  During
the loading, rats were anesthetized through inhalation; animals received buprenex for two days after loading
for post-procedure analgesia.  Tissues were examined at 7, 14, 21 and 42 days after fatigue fracture.

Pre-sacrifice in vivo tracer studies were conducted to evaluate perfusion of the vasculature as well as
the lacuno-canalicular system at different time points in the healing and remodeling cycle. Each rat was
injected via a lateral tail vein with 0.8% Procion Red solution in 0.9% saline. Animals were anaesthetized at the
time of injection. Five minutes after injection, animals were euthanized without recovery from anesthesia.

Results: Fatigue fractures were confirmed in eighteen of the 20 loaded ulnae, typically within 12,000-20,000
loading cycles (Fig. 13, left). In all cases the fracture was closed and non-displaced.
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Remarkably, no disruption to the periosteum or intramedullary vasculature was observed. Neither soft
tissue trauma nor the presence of a hematoma was evident; in fact, fluorescent tracer studies showed no signs
of intravascular leakage except by intracortical vessels that were disrupted directly by the fracture line. The
fracture was always located in the distal third of the medial ulnar diaphysis.

Fig. 13. (Left) Confocal micrograph showing fatigue fracture of medial ulna, representative of those incurred in
90% of cases studied. (Right) 42 days post fracture. In both images, fluorescence indicates presence of
Procion Red tracer, an intravital marker.

Fracture healing proceeded by direct bone formation via woven bone proliferation at the periosteal
surface, mainly on the medio-lateral side of the injured area. Endochondral ossification was not observed in
fractured specimens. Immediately after loading, a fracture line was observed to extend from the mediodorsal to
the medioventral surface (Fig. 13, left), with local microdamage coalescing around the fracture line and
contained completely within the medial cortex. Seven days after loading, intense periosteal proliferation of
woven bone was observed on the medial surface. Woven bone extended between the mediodorsal and
medioventral extremities of the fracture. The longer the crack in the cross-section, the larger the increase in
surface area due to woven bone reaction (Fig. 14). Microscopic observation revealed initiation of resorption
along the fracture site.  Fourteen days after loading, resorption cavities could be observed macroscopically at
subperiosteal and subendocortical sites abutting the fracture line. Woven bone along the periosteum had
consolidated considerably in comparison to the previous time point.  Forty two days after loading, the fracture
line was only faintly visible in one case. Otherwise, the fracture had remodeled completely. Areas of woven
bone were well consolidated.
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Fig 14
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Figure 14:  Relationship between crack length and increases in bone surface area in the groups observed at 7
and 14 days after fatigue fracture loading.  The amount of periosteal woven bone formation increases in
proportional to the amount of damage in the bone.

Discussion: This model represents a new approach to simulating a naturally occurring fatigue fracture in vivo.
This model achieves fracture through the development and coalescence of microdamage during controlled,
fatigue loading. The loading magnitude per se is hyperphysiological, but it is comparable to that measured in
human and horses during very vigorous activities. The loading conditions differ from those occurring during
physiological loading, i.e. the load is applied via the flexed carpus and olecranon process. Nonetheless, the
distribution of stress and strain along the longitudinal axis of the ulna approximates that occurring
physiologically due to the bending moments incurred through axial compression of a curved bone.
Furthermore, the fracture configuration is similar to that occurring spontaneously due to fatigue, e.g., as seen
in the third metacarpus of racehorses or in the central metatarsal bone of race dogs. Finally, despite being an
exogenous loading model, soft tissue surrounding the area of interest is protected from artifactual trauma and
damage to the blood supply is minimized
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Summary:
• A noninvasive long bone fatigue fracture model was developed that lends itself for the study of periosteal

woven bone during stress fracture healing and has clear applications for the study of fatigue fracture
etiology.

• This model can readily be expanded to look at gender issues, age and to superimpose hormonal and
pharmacological manipulations in an animal model where they are well validated.
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Bone structural and material properties in stress fracture risk:
Our studies using the rabbit model also found that animals that developed the greatest periosteal

response to applied loading had initially smaller tibial diameters than those that showed less extensive
periosteal reactions. A number of studies have shown that having a narrow (i.e., more slender) tibia relative to
body mass has been shown to be a major predictor of stress fracture risk and fragility in male military recruits
and male athletes. We undertook a small-scale study to test the intriguing possibility that slender bones, like
those shown in animal models, are composed of more damageable material.

To test this, polar moment of inertia, section modulus, and antero-posterior (AP) and medial-lateral (ML)
widths were determined for tibial diaphyses from 17 male cadaver donors, 17-46 years of age.  Eight prismatic
cortical bone samples were generated from each tibia, and tissue-level mechanical properties including
modulus, strength, total energy, post-yield strain, and tissue damageability were measured by four-point
bending from monotonic (n = 4/tibia) and fatigue damage accumulation (n = 4/tibia) test methods. Partial
correlation coefficients were determined between each geometrical parameter and each tissue-level
mechanical property while taking age into consideration.

Results: Significant correlations were observed between tibial morphology and the mechanical properties that
characterized tissue brittleness and damageability. Positive correlations were observed between measures of
bone size (AP width) and measures of tissue ductility (post-yield strain, total energy), and negative correlations
were observed between bone size (moment of inertia, section modulus) and tissue modulus.

Summary:
Tissue-level mechanical properties varied with bone size. Narrower tibias were comprised of tissue that

was more brittle and more prone to accumulating microdamage compared with tissue from wider tibias.
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KEY RESEARCH ACCOMPLISHMENTS:

1) Rabbit stress fracture experiments: Our results suggest that antiresorptive therapy using a bisphosphonate
will reduce the severity of the periosteal stress reaction in an animal model of chronic loading model.

2) New rodent model for stress fractures and healing:  Under the aegis of this grant we developed a new model
for studying the biology and healing of stress fractures. The resulting fracture is stable and non-displaced and
is similar in morphology to that occurring due to fatigue in vivo, e.g., as seen in the third metacarpus of
racehorses or in the central tarsal bone of racing dogs. Studies with this new experimental model suggest that
healing of stress fractures may differ from other fractures, a finding that may have clinical significance in their
treatment. This model can readily be expanded to look at gender issues, age and to superimpose hormonal
and pharmacological manipulations.

3) Bone structural and material properties in stress fracture risk: Tissue-level mechanical properties varied with
bone size. Narrower tibias were comprised of tissue that was more brittle and more prone to accumulating
microdamage compared with tissue from wider tibias.

REPORTABLE OUTCOMES:
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• Tami, A; Schaffler, MB; Nasser, P; Knothe Tate, JL; A Novel, Non-invasive fatigue fracture model of the
rat ulna. Trans. Orthop. Res. Soc. 27: 335, 2002.

Papers
• Schaffler, M.B. and K.J. Jepsen.  Fatigue and repair in bone.  International Journal of Fatigue 22:839-

846, 2000
• Verborgt O.,  G.J. Gibson and M.B. Schaffler  Loss of osteocyte integrity in association with

microdamage and bone remodeling after fatigue in vivo. Journal of Bone and Mineral Research 15: 60-
67, 2000

• Schaffler, M.B. Bone Fatigue and Remodeling in the Development of Stress Fractures.  In: D.B. Burr and
C. Milgrom, eds., Stress Fracture,  CRC Press. 2001, pp. 161-182.

• Verborgt O., N.A. Tatton, R.J Majeska and M.B. Schaffler.  Differential expression of Bax and Bcl-2 in
osteocytes after bone fatigue:  Complementary roles in bone remodeling regulation?  Journal Bone and
Mineral Research 17: 907-914, 2002.

• Schaffler MB. Role of bone turnover in microdamage.  Osteoporosis International 14, Suppl 5:73-80,
2003

• Tami A.E., P. Nasser, M.B Schaffler and M.L. Knothe Tate. Noninvasive fatigue fracture model of the rat
ulna. Journal of Orthopaedic Research 21: 1018-1023, 2003.
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2.         Symposia and major presentations:
• Microdamage and bone remodeling in stress fracture. Presented at the International Bone Fluid Flow

Workshop, Amsterdam, The Netherlands, September, 2002.
• Strength, Bone Quality and bone remodeling, Sixth International Symposium on Osteoporosis: Current

Trends and Future Directions, National Osteoporosis Foundation, Washington, DC, 2005
• Stress Fractures: Physiology and Prevention.  Presented at the Stress Fracture Symposium, American

Society for Bone and Mineral Research, Nashville, September, 2005

3.       New animal models:
We developed a noninvasive long bone fatigue fracture model based on end-loading of the adult rat ulna

in vivo lends itself for the study of periosteal woven bone during stress fracture healing and has obvious
applications for the study of fatigue fracture etiology. This model can readily be expanded to look at gender
issues, age and to superimpose hormonal and pharmacological manipulations in an animal model where they
are well validated.  The model is reported in:

Tami A.E., P. Nasser, M.B Schaffler and M.L. Knothe Tate. Noninvasive fatigue fracture model of the rat ulna.
Journal of Orthopaedic Research 21: 1018-1023, 2003.
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Shijing Qiu, MD, PhD
Oliver Verborgt, MD, PhD
Liyun Wang, PhD

PhD students:
Andrea Tami
Brad Herman
Steven Tomassini
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CONCLUSION:
Summarize the results to include the importance and/or implications of the completed research and when

necessary, recommend changes on future work to better address the problem.  A "so what section" which
evaluates the knowledge as a scientific or  medical product shall also be included in the conclusion of the
report. 

Our results suggest that antiresorptive therapy using a bisphosphonate can play a role in reducing the severity
of the periosteal stress reaction in an animal model of chronic loading model. These data are consistent with
the results of recent clinical studies using bisphosphonate in young athletes with stress fractures, but are
contradicted by another study done by the IDF in Israel.  Further studies are needed to determine whether
antiresorptive therapy can play a role in reducing the severity of the periosteal stress reaction.  Moreover, with
the next generation of anti-resorptive drugs, such as Cathepsin K inhibitors, already in Phase 3 clinical trial,
future studies can be conducted with anti-resorptive drugs that clear very rapidly from the body and from which
normal bone remodeling rates will recover within weeks after stopping treatment.  This would be much superior
to the bisphosphonates, in which the very long biological half life of the resorption suppression has been a
continuing source of concern in terms of effects on bone health.

The concept underlying this work on stress fracture pathophysiology, i.e., that increased bone resorption
causes focally increased stresses which accelerate the accumulation of bone microdamage, has taken on
much wider significance over the last several years. Specifically, there has been extensive discussion in the
bone biology community (ASBMR, NOF, NIH) about why anti-resorptive therapies cause a dramatic reduction
in the incidence of osteoporotic fractures with a short treatment period, but have no significant effect on bone
mineral density.  The principle hypothesis around which a consensus has formed is that bone resorption
spaces will act as stress concentrations leading to focal failures, and that treating the resorption will lead to a
disproportionate gain in fracture risk reduction.  Finally, a number of recent studies have shown that
bisphosphonate treatment of children with Osteogenesis Imperfecta will dramatically reduced fracture
incidence.  That reducing resorption in OI will alleviate fractures, despite the presence of an extremely poor
quality collagen matrix highlights the potential  importance of resorption spaces in exacerbating bone fragility.
Thus, the concept that resorption play a major role in bone failures as diverse as stress fractures in the military,
OI and fragility fractures in the elderly, has garnered significant recent attention and warrants further study.
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